Background: Diabetes mellitus is a chronic disease which may be accompanied by cognitive impairments. The expression of the obesity gene (ob) is decreased in insulin-deficient diabetic animals and increased after the administration of insulin or leptin. Plasma leptin levels are reduced in the streptozotocin (STZ)-induced diabetic rats. Therefore, the deleterious effects of diabetes on memory may be due to the reduction of leptin. Aims: Investigate the effect of subcutaneous injection of leptin on spatial learning and memory in STZ-induced diabetic rats. Study Design: Animal experimentation. Methods: The rats were divided into three groups: 1-control, 2-diabetic, and 3-diabetic-leptin. Diabetes was induced in groups 2 and 3 by STZ injection (55 mg/kg) intraperitoneally (i.p). The animals received leptin (0.1 mg/kg) or saline subcutaneously (s.c) for 10 days before behavioral studies. Then, they were examined in the Morris water maze over 3 blocks after 3 days of the last injection of leptin. Results: The travelled path length and time spent to reach the platform significantly increased in the diabetic group (p<0.001) and decreased with leptin treatment (p<0.01 & p<0.001 respectively); also, a significant increase in path length and time was observed between the diabetic-leptin group and the diabetic group (p<0.01, p<0.001, respectively) in the probe test. Conclusion: Leptin can exert positive effects on memory impairments in diabetic rats. Keywords: Leptin, spatial memory, streptozotocin 
Diabetes mellitus is a chronic and progressive disease with the chief manifestation of hyperglycemia. Metabolic abnormalities such as the long-lasting increase in blood glucose level, dyslipidemia, insulin resistance, hypertension and oxidative stress are common in diabetes mellitus. According to recent data, diabetes is a predisposing factor for Alzheimer disease (1) , as older adults with type 2 diabetes sometimes develop cognitive impairments due to the impairment of insulin signaling and toxic accumulation of Amyloid Beta (Aβ) (2) . The most affected parts are memory and mental processing speed, while cognitive skills such as attention, problem solving and general intelligence remain intact (3) . The origin of impairment of cognition in diabetes is unclear. It has been shown that hyperinsulinemia compromises cognition (2, 3) and insulin resistance is the common feature in obesity and type 2 diabetes (4).
White adipose tissue secretes an adipocytokine, a 16 kDa peptide hormone i.e. leptin (5) . The obesity gene (ob), which is mainly expressed by adipocytes (6) , produces leptin (5, 7) . Leptin is involved in controlling body weight and energy homeostasis, thermogenesis, feeding behavior and neuroendocrine status through specific leptin receptors which are mainly located in the hypothalamus. Leptin receptors are also found in the dentate gyrus and cornus ammonis 1 (CA1) regions of the hippocampus (8) , the main region which plays an essential role in the spatial memory (9) . There are six leptin or obesity receptor isoforms (ob R) from a-f (10) . The long form of the brain leptin receptor (ob Rb) is found in the hypothalamus in particular. Its expression has also been reported in pancreatic β cells (4) . Leptin and its receptors share structural and functional similarities with interleukin-6 family of cytokines; cytokines have been reported as modulators of synaptic plasticity (8) . An impairment of spatial learning and memory performance has been suggested in leptin-insensitive animals (10), while exogenous leptin promotes spatial learning and memory tasks in the Morris water maze (8, 9, 11) . Furthermore, the accumulation of Aβ and dementia has been linked to the reduction of leptin (7, 12) .
Expression of the ob gene enhances after the administration of insulin or leptin and decreases in insulin-deficient diabetic animals. Furthermore, a reduced level of leptin in conditions of poor energy status is related to changes in insulin and glucose concentrations in human subjects. In humans and animals, plasma leptin level correlates with plasma insulin levels; therefore, it is likely that insulin and glucose regulate the production and secretion of leptin (5) . It has also been suggested that leptin exerts an anti-diabetic effect in the streptozotocin (STZ) animal model of diabetes mellitus (4) . Moreover, in untreated STZ-diabetic rats, the plasma leptin level is reduced (4, 5) . A homozygous mutation of the ob gene (ob/ob mouse), which hinders the production of leptin, is accompanied by insulin resistance and diabetes (4) .
Altogether, these data suggest that leptin may enhance cognition in diabetes mellitus; therefore, we aimed, for the first time, to investigate the effects of subcutaneous injection of leptin on spatial learning and memory performance in STZinduced diabetic rats.
MATERIALS AND METHODS
In this study, adult male Wistar rats (180-250 g, 12 weeks old) were purchased from the animal laboratory of the School of Medicine and maintained under standard conditions (12/12 hour light/dark cycle, 22±2°C), with lights off at 6 pm. The animals had ad libitum access to food and water except during behavioral experiments. Recombinant leptin (Cell Guidance Systems Company; Cambridge, UK) and streptozotocin (Sigma-Aldrich Chemie GmbH; Taufkirchen, Germany) were purchased from a local company. STZ and leptin were dissolved in distilled water and further diluted with saline (13) .
Experimental groups
The regional ethics committee approved all of the experimental procedures. The rats were divided into three groups including: 1-control (healthy, without any treatment, N=6), 2-diabetic (received saline, N=5), and 3-diabetic-leptin (received 0.1mg/kg leptin, (11) N=5).
Diabetes was induced by intraperitoneal injection of STZ (55 mg/kg body weight) (14) (groups 2& 3) and confirmed by a cut-made tail blood sample after 72 hours by a glucometer (Clever Chek, Model TD-4230, TaiDoc Technology Corporation; New Taipei City, Taiwan). A serum glucose level higher than 250 mg/dL was considered diabetic.
Leptin and saline (the same volume) were injected subcutaneously from the 4 th day of STZ injection, once a day, for 10 days. Injection sites were alternatively changed (left/right shoulder and left/right hip, respectively) to reduce the pain and discomfort of the animal. Then, 3 days after the last leptin/ saline injection, behavioral studies were accomplished using the Morris water maze.
Morris water maze apparatus and procedures
The water maze was a black metal circular pool (diameter: 136 cm, height: 100 cm) which was filled with water (24-25°C) up to 60 cm. The maze had 4 imaginary equal geographical locations and release points (North, South, and West & East). A cylindrical platform (diameter: 10 cm, height: 58 cm) was put into the water 2 cm below the water level in the core of the northwest quadrant. There were fixed visual signs at fixed positions around the room (i.e., computer, wall signs and other equipment). Just above the center of the maze, there was a roof connected camera for recording and sending the rat movements' data to a computer for further processing. At the beginning of each experiment, the rat was placed on a hidden platform for 20 seconds, and was then released into the water in 4 different predetermined quadrants and allowed to swim for up to 60 seconds. In each trial, the rat must find the platform and remain on it for 20 seconds. If the rat did not find the platform during this time period (using the visual clues), it was guided by the experimenter and allowed to remain on the platform for 20 seconds. Each rat had 30 seconds to dry and resting before the next trial. The experiment was based on a 3 block task over one day. Each block consisted of 4 trials. Then, the probe test was conducted; each rat had to swim for 60 seconds without the platform in the pool.
Statistical analysis
All data are expressed as mean and standard error of mean (Mean±SEM) using statistical package for the social sciences (SPSS) v.11.5 (SPSS Inc.; IL, USA). The time spent finding the platform and the path lengths travelled over three blocks
for each rat were analyzed by repeated measures analysis of variance (ANOVA). The differences among groups and in the target quadrant were analyzed by one way ANOVA followed by Newman-keuls tests. The differences of the blood sugar against time and distance in each block were analyzed by two way ANOVA. P<0.05 was considered statistically significant.
RESULTS
The blood sugar level was significantly increased in diabetic rats (274±24.71) (p<0.001) compared to the control rats (108.5±4.57). Leptin treatment reduced the glucose level, although insignificantly, (203.4±7.38) compared to the diabetic group. Two way ANOVA revealed significant differences of blood sugar versus swimming time in the first and second block in the diabetic group (p<0.05) and in the third block both in the diabetic and diabetic-leptin groups (p<0.05). Regarding the distance, the only significant difference was observed in the first block for both diabetic and diabetic-leptin groups (p<0.05). In the probe test, one way ANOVA revealed a significant difference for blood sugar level versus distance (p<0.05).
There was a significant increment of the traveled path length and time spent to reach the platform in the diabetic group compared to the control group (p<0.001). Leptin reduced the path length (p<0.01) (Figure 1 ) and the time spent (p<0.001) (Figure 2 ) in the diabetic-leptin group compared to the diabetic group. No statistically significant difference was observed between the diabetic-leptin and the control group regarding the traveled path lengths and time spent. Also, there was a significant enhancement of the path length and time spent in the probe test in the diabetic-leptin group against the diabetic group (p<0.01, p<0.001, respectively); however, no significant difference was observed between diabetic against the control group regarding the probe time and path length (Figure 3, 4) .
The acquisition phase improved in the third block compared to the first block in the control group (p<0.05). Diabetes impaired the acquisition phase and no significant improvement
FIG. 1.
Comparison of path length travelled among diabetic-leptin, diabetic and control groups. The path length increased in the diabetic group compared to the control (p<0.001). Leptin significantly reduced the path length in the diabetic-leptin group compared to the diabetic group (p<0.01). Data analysis was done using SPSS 11.5 by repeated measures ANOVA. P<0.05 was considered significant. Data are Mean±SEM. occurred in the third block compared to the first block; furthermore, the difference between the first and second block was not significant in both diabetic and control groups. However, the leptin treatment induced a significant reduction of time and distance in the second block compared to the first block and compared to both diabetic and control groups (p<0.001), in addition to a significant reduction of swimming time and distance in the third block compared to the second block (p<0.001) and compared to the diabetic group; no difference was observed between the control and diabetic-leptin group in the third block despite the fact that in the first block, the leptindiabetic group and the diabetic group showed an almost identical increase in the swimming time and distance compared to the control group (Figure 1, 2) .
DISCUSSION
According to the current study, diabetes impaired the spatial learning and memory in rats while leptin improved the memory performance in the STZ-induced diabetic rats in the Morris water maze task.
Moderate cognition impairment of learning and memory, particularly impairment of spatial learning and memory occurs in diabetic rats (15) . In this study, diabetes mellitus enhanced the time and travelled paths in 3 blocks with respect to the control group, which is in agreement with similar studies of this type such as the learning deficits with severe impairment of Morris water maze performance following 30 days induction of STZ-induced diabetes (16) , an increased escape latency and travelled path to find the hidden platform in Morris water maze test, both in 1 week and 12 weeks STZ-induced diabetes (17) , the significant reduction of step down inhibitory avoidance test and an increase in acetyl cholinesterase activity after 30 day diabetes induction in rats (18) , in addition to compromising cognition and behavioral aspects in two groups of juvenile rats with 10 and 20 days induction of diabetes, although the impairment progressively increased over time (19) . The impairment of cognition in STZ-induced diabetic rats, which is seen as an increased escape latency and travelled distance, is in parallel to the high glucose concentration in the diabetic group in the present study. The impairment of cognition in diabetes mellitus might be due to the direct effect of STZ, high glucose level or insulin deficiency (15) . On the other hand, insulin therapy and moderate glycemic control have been shown to improve the results in the Morris water maze (4, 15) . According to the present study, the blood glucose level reduced by about 26% following leptin treatment. Therefore, it is likely that glucose reduction is the cause of the improved performance. Alterations of glucose metabolism, interactions with Aβ or altered expression of neuronal cell adhesion molecules (NCAMs) are among the potential mechanisms involved in spatial learning and memory deficits in diabetes mellitus (2, 16) . Amyloid-β accumulation in neurons can impair memory through the Janus kinase and signal transducer and activator of transcription (JAK-STAT) pathway in the hippocampus, and the functional long form of the leptin receptor (ob Rb), which is largely expressed in the hippocampus, is associated with the JAK2-STAT5 pathway (20) . Leptin decreases Aβ production in vivo and in vitro and inhibits tau phosphorylation (21) in addition to the negative effect on vascular remodeling through nitric oxide (NO)-dependent pathways (22) . On the other hand, STZ reduces the leptin levels by 60% while insulin therapy enhances the leptin levels (23) .
In view of the data in each block, in the acquisition phase, the third block indicates a reduction of distance travelled in the control group that is in agreement with other experiments of this type, which indicate that performance will improve over training blocks (9) . In the diabetic-leptin group, the reduction in distance was greater than in the control group. Leptin has been shown to reduce the travelled path length compared to saline-administered rats (24) . It has also been shown that medium doses of intraperitoneal leptin, 30 min before behavioral experiments, improve spatial learning and memory in the Morris water maze (11) .
It is remarkable in the retention phase that there is no significant difference between the control and diabetic groups, despite significant impairment in the acquisition phase; it seems
FIG. 4.
Comparison of the time spent in the target quadrant among diabeticleptin, diabetic and control groups in the target quadrant. The diabetic-leptin group spent significantly more time in the target quadrant compared to both control and diabetic groups (p<0.001). No significant difference was observed between the control and diabetic groups. Data analysis was done using SPSS 11.5 by one-way ANOVA; post hoc Newman-Keuls multiple comparison tests. P<0.05 was considered significant. Data are Mean±SEM, *** p<0.001 compared with control, +++ p<0.001 compared with the diabetic group. that whenever memory consolidation takes place, it is not vulnerable to diabetes effect, at least in a short period of time, while leptin plays a powerful effect at this stage. In the study by Oomura et al. (8) , an intravenous injection of leptin improved the performance of rats in the Morris water maze test, which was accompanied by an improvement in the long-term potentiation (LTP) in the CA1 region, yet a reduced long-term depression (LTD) in the hippocampus. Moreover, the intrahippocampal injection of leptin, 30 minutes before Morris water maze, improved the performance of rats (9) . Administration of leptin in the hippocampus 3 minutes after T-maze foot shock avoidance and step-down inhibitory avoidance training in mice improved the retention phase; however, leptin injection 24 hours after training did not reveal the same results (7) .
It has been suggested that short-term regulation of leptin is dependent on insulin; however, in another study, leptin induced lower insulin secretion through the direct inhibition of pancreatic β-cells (4) . According to some in vitro studies, leptin has a negative effect on glucose metabolism; however, in vivo observations have demonstrated that leptin has an insulin-sensitizing effect, which may be associated with the central mechanisms (25) . The current study results are in agreement with insulin sensitizing effects. Regarding these facts and the results of the present study, it is suggested that the deleterious effects of diabetes on memory are at least in part due to the leptin reduction.
The other positive memory effects of leptin might include N-methyl D-aspartate (NMDA) receptor-mediated transmission and LTP (26) , calcium-calmodulin dependent protein kinase ΙΙ (CaMK ΙΙ) signaling (27) , changing of the neuronal/synaptic structure and function and promoting neuronal survival and proliferation (6) or altering the glucocorticoid expression in the hippocampus (23) . Because neural stem/ progenitor cells co-express both glucocorticoid receptors (GR) and leptin receptor b, it is possible that they have interactions with each other (28) and to control hippocampal health and homeostasis (29) . Leptin inhibits the detrimental effects of chronic stress and the resultant elevated levels of glucocorticoids on neurogenesis and behavior (28) , in addition to positive effects on the spatial memory by reducing the anxiety (24) , which may at least partly play a role in the results of the present study. Furthermore, leptin induces aromatase expression in adipose tissue followed by the elevation of estrogen (30); estrogen and its receptors are involved in learning, so the effect of leptin on memory may in part be due to its effects on estrogen (31) through the increased amounts of nitric oxide and acetylcholine in the brain (32) . Leptin also triggers the release of NO in some tissues including the hypothalamus, anterior pituitary gland (33) and mesenteric vasculature (34) . Since leptin receptors are also present in the hippocampus, it is possible that leptin, through NO, plays a helpful role in memory in the hippocampus. Our results are also in agreement with results indicating the positive effect of leptin on spatial learning and memory, in particular in diabetic rats. No significant difference between leptin-treated animals and the control group were observed in this study.
Briefly, the current study revealed the positive effects of leptin on spatial learning and memory in STZ-induced diabetic rats. It seems that the valuable effect of leptin on memory is a multifactorial outcome, not a single effect. The underlying mechanisms of this impact remain to be elucidated in further studies.
In conclusion, the administration of leptin at the dose of 0.1 mg/kg has a beneficial impact on spatial learning and memory in STZ-induced diabetic rats, which at least in part may be due to the reduction of the blood glucose level.
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